The hydroformylation of long chain alkenes catalyzed by a water soluble Rh/TPPTS complex (TPPTS: sodium salt of sulfonated triphenylphosphine) in methanol was investigated. The mixture of rhodium precursor HRh(CO)(TPPTS) 3 , ligand TPPTS, methanol and a long chain alkene becomes a single phase under reaction conditions, which make the hydroformylation reaction proceed homogeneously. Both the conversion of long chain alkene and the selectivity to aldehydes (including the aldehydes forming methylacetals) could reach up to 97.8% and 97.6%, respectively, with 3323 h À1 of TOF (TOF: turnover frequency is defined as the moles of converted alkene per mole of Rh per hour). After the solvent methanol was removed under the reaction temperature, two phases were formed automatically. The colourless product phase could be efficiently separated from the precipitate rhodium catalyst phase by centrifuge. The catalyst was reused for five times without obvious loss of rhodium and the catalytic activity. The rhodium leaching in product mixture was less than 0.03% of the total rhodium.
Introduction
For more than 80 years, the chemical industry has relied on the hydroformylation reaction to convert alkenes, CO and H 2 into aldehydes which were widely used in making plasticizers, pharmaceuticals, lubricants, amines and so on. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Nowadays, the production capacity is beyond 12 million tons annually.
11,12
Rhodium-based homogeneous catalyst was found to be far more active to hydroformylation of alkene because of its superior activity, allowing the process at a lower temperature and pressure, and the ability to control the selectivity. 13 However, the traditional homogeneous catalysis confronts difficulties related to the separation of products from a catalyst as well as the recycling of the catalyst.
14 Especially with regard to long chain alkenes, the thermal separation of the products with high boiling points would put thermal stress for the temperature-sensitive catalyst and result in slow degradation of the catalyst under these conditions. Aqueous-organic biphasic catalysis possessing many advantages such as convenient separation of product, environmentally friendly and economy, [15] [16] [17] [18] [19] [20] [21] [22] was successfully applied to the hydroformylation of ethene and propene on plant because their solubilities in the aqueous phase are sufficient to allow the hydroformylation to occur at an acceptable rate without phasetransfer limitations. Nevertheless, long chain alkenes (pC 6 ) have signicantly lower solubility in the aqueous solution of the catalyst, which correspondingly leads to lower reaction rates in aqueous-organic biphasic systems, making it difficult and economically unviable. Many approaches have been developed to overcome the barrier from phase transfer in aqueous-organic biphasic systems such as using cosolvents, surfactants and ionic liquids to increase the miscibility or the interfacial area between two solvents, but they have some disadvantages, such as emulsion or a higher catalyst leaching. [23] [24] [25] [26] [27] Therefore, seeking for a catalytic system which could cover the advantage of homogeneous (good reactivity) and biphasic catalysis (easy separation) is highly desirable. 28 As well known, the amount of rhodium and ligand used in hydroformylation is quite low, so it may be expected that a low boiling point polar solvent (i.e., methanol) could be selected to dissolve water soluble phosphine rhodium complex, ligand and alkene under the reaction temperature and could be helpful for the formation of homogeneous hydroformylation. Once the hydroformylation nished, the low boiling polar solvent was evacuated under lower temperature than that of product aldehydes. Rhodium catalyst precipitated as the form of solid since it is difficult to dissolve in the product aldehydes, and then the resulting mixture became solid (catalyst)-liquid (aldehydes) two phases. Therefore, the catalyst could be readily separated and reused for the next cycle.
Herein, methanol is chosen to improve the hydroformylation of long chain alkenes catalyzed by a water soluble Rh/TPPTS complex. This is the rst example on taking advantages of both homogeneous reaction and heterogeneous separation of catalyst from product.
Experimental

Materials
Ligand TPPTS (sodium salt of sulfonated triphenylphosphine, Fig. 1 ) and rhodium precursor HRh(CO)(TPPTS) 3 were prepared according to the literatures. 29, 30 All the solvents were purchased from Kelong Chemical Co. of Chengdu and used without any additional purication. 1-Hexene, 1-octene, 1-decene, 1-dodecene, cyclohexene, norbornene and dicyclopentadiene were purchased from Sigma-Aldrich. Hydrogen (H 2 , 99.99%) and carbon monoxide (CO, 99.9%) were obtained from Southwest Institute. The composition of reaction mixture was determined by means of gas chromatography (PANNA A91, KB-1: 30 m Â 0.25 mm Â 0.50 mm, FID). Rhodium leaching in the product mixture was analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES). 31 P NMR spectra were recorded on the Bruker AVANCE III HD 400 M.
Hydroformylation and catalyst recycling
Long chain alkene hydroformylation experiments were carried out in a 25 mL stainless steel autoclave equipped with a magnetic stirrer. Typically HRh(CO)(TPPTS) 3 , TPPTS, long chain alkene and a low boiling point polar solvent were loaded into the autoclave, which was sealed, purged with syngas (H 2 : CO ¼ 1.0 : 1.0) for three times and charged to the desired pressure and heated to the preset temperature. Then the stirrer was started and the time was recorded. Aer the reaction was complete, the autoclave was cooled down to room temperature, and the gas was carefully released. The products were analyzed by GC (PANNA A91 on a KB-1 capillary column 30 m Â 0.25 mm Â 0.50 mm, FID).
Aer hydroformylation, the methanol in the product mixture was removed via distillation under the reaction temperature and the remained mixture became two phases. The upper product phase was separated from the lower precipitate catalyst phase by centrifuge and ltration. Then the distillated methanol and a new portion of long chain alkene were introduced for the next catalytic reaction.
Results and discussion
Long chain alkenes have signicantly lower solubility in the aqueous solution of the catalyst, which correspondingly leads to lower reaction rates in biphasic catalytic system, and cosolvent was found to have a great impact on the hydroformylation of long chain alkenes catalyzed by water soluble phosphine rhodium complex. 31 In this study, different low boiling polar solvents were investigated in the hydroformylation of 1-dodecene using HRh(CO)(TPPTS) 3 as a rhodium precursor and TPPTS as a water soluble phosphine. Based on our previous study on the hydroformylation of 1-dodecene catalyzed by Rh/ TPPTS, 32 2.0 MPa of syngas and 80 C was selected as initial reaction parameters. The side reactions mainly include 1-dodecene isomerization to generate internal dodecenes and 1-dodecene hydrogenation to dodecane, and then the acetalation reaction of the formed aldehydes to methylacetals. 33 As presented in Table 1 , the solvents and their amounts have great inuence on the hydroformylation of 1-dodecene. Among them, methanol exhibited superior performance to other solvents, the reason might be that the rhodium precursor, ligand TPPTS and 1-dodecene had a better solubility in methanol under the reaction temperature, and thus creating a single phase in which the homogeneous hydroformylation of long chain alkenes proceeded smoothly. The conversion of 1-dodecene could reach up to 99.7% (Table 1 , entry 6). The results also showed that when the amount of methanol increased from 1.0 mL to 5.0 mL, the activity increased, the reason is that the reaction system turned from a biphase into a homogeneous phase, which resulted in quick reaction. Further increasing the volume of methanol to 10.0 mL, the content of methylacetals in products is decreased due to the decrease of catalyst concentration. Aer hydroformylation, the reaction mixture presented a single phase (shown in Fig. 2 ). When methanol was removed from the reaction mixture under the reaction temperature, the remained mixture became two phases and the upper one was the product phase which could be separated efficiently from the bottom solid rhodium catalyst phase (shown in Fig. 2) . The results suggested that the strategy to make homogeneous hydroformylation of long chain alkenes with water soluble Rh/TPPTS complex and easy separation of products is feasible, just through using an appropriate low boiling point polar solvent.
The molar ratio of phosphine to rhodium was one of the important factors affecting the activity and regioselectivity of hydroformylation. It can be seen from Table 2 that the conversion of 1-dodecene rose fast with the increase in the molar ratio of phosphine to rhodium, however, the content of aldehydes in products increased initially and then decreased. Also, as the molar ratio of phosphine to rhodium increased to 25, the content of methylacetals in products increased from 5.2 to 13.5%. While further increasing the molar ratio of P/Rh to 30, the content of methylacetals in products did not ascend since the excess ligand could not be fully dissolved in 10.0 mL of methanol. It is well known that the presence of phosphine ligand would affect the coordination equilibrium of catalytic active species. 34 When the molar ratio of P/Rh increased, HRh(CO)(TPPTS) 2 catalytic active species increased, which resulted into higher reactivity. The optimum molar ratio of P/Rh was 20. The conversion of 1-dodecene and the selectivity to aldehydes (including the aldehydes converting to methylacetals) could reach up to 99.7% and 99.2%, respectively.
The effect of temperature on the hydroformylation of 1-dodecene was also investigated and the results were shown in Table 3 . It seemed that the reaction temperature also displayed a signicant role in this hydroformylation. The conversion of 1-dodecene increased sharply when the reaction temperature increased from 60 to 80 C (Table 3 , entries 1, 2 and 6). This may be due to the fact that the solubilities of rhodium precursor, TPPTS and 1-dodecene increase with the rise of reaction temperature. Meanwhile, higher temperature is favorable for hydroformylation and the formation of catalytic active species.
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Further enhancing the reaction temperature to 100 C has an obvious increase of content of methylacetals in product (Table   3 , entry 10, 58.0%). In addition, the effect of reaction time on the 1-dodecene hydroformylation was obvious, the initial rate is much higher (see Table 3 , entry 3), prolonging the reaction time was favourable for the formation of methylacetals (Table 3 , f Turnover frequency dened as the moles of converted alkene per mole of Rh per hour. Fig. 2 Picture of before and after reaction. f See Table 1 . g 30 mL of triethylamine was added. entry 8, 53.8%). In order to obtain higher content of aldehydes in product mixture, different base was added in the hydroformylation to prevent the formation of acetal side products and triethylamine showed a good result (Table 3 , entry 11), the conversion and the selectivity to aldehydes could reach up to 99.6% and 94.5%, respectively, and the TOF could achieve 3320 h À1 .
In considering the fact that the excellent catalytic performance of the studied catalytic system during 1-dodecene hydroformylation, the hydroformylation of other long chain alkenes and cycloolens in the studied catalytic system were also investigated. As presented in Table 4 , excellent conversion of alkenes was maintained. Results further revealed that the studied catalytic system can also be applied to the hydroformylation of other long chain alkenes and cycloolen, proving the generality of this catalytic system in hydroformylation.
Encouraged by these excellent results, the recycling efficiency of the studied catalytic system used in 1-hexene hydroformylation was explored. Aer hydroformylation, the reaction mixture presented a single phase. The remained mixture became two phases when methanol was recycled from reaction mixture by distillation under the reaction temperature. The upper colorless product phase was easily separated from the lower solid catalyst phase aer centrifuge. The above recycled methanol, solid rhodium catalyst and a new portion of alkene were then added to the autoclave to start the next cycle (see Fig. 3 ). In order to avoid the effect of operational loss of rhodium precursor and ligand TPPTS in the catalyst recycling experiments, the amount of Rh and the molar ratio of P/Rh were enlarged to 4.05 Â 10 À3 mmol and 50.0, respectively. Results in Fig. 4 indicated that the catalyst could be reused for ve runs without evident loss in activity and selectivity for aldehydes (including the aldehydes converting to methylacetals). However, the activity began to decrease aer ve cycles. The main reason may be that the ligand TPPTS was partly oxidized with air during the catalyst separation from products, which was proved by the 31 P NMR characterization of the precipitate catalyst residue aer hydroformylation (see Fig. 5 , OTPPTS : TPPTS oxide). Also, another reason resulted from the operational loss of rhodium precursor and TPPTS was inevitable during their separation. Fortunately, the leaching of Rh in the organic phase was below ppm. As demonstrated in Fig. 2 , when methanol was removed from the mixture aer hydroformylation, the resulting mixture showed a liquid-solid biphasic state, which might hint that the employment of methanol indeed realized homogeneous hydroformylation and heterogeneous separation of products from catalysts. This strategy developed an innovation for the hydroformylation of long chain olens. Ideally, the catalyst could be recycled more runs if the operational loss and the TPPTS oxidation with air of catalyst could be avoided. Further modication of the operation process is ongoing.
Conclusion
In conclusion, a highly efficient catalytic recycling system of long chain alkenes hydroformylation has been established based on water soluble phosphine rhodium catalyst and methanol. The presence of methanol showed excellent hydroformylation efficiency for a wide scope of alkenes since the reaction could proceed homogeneously. The high catalytic efficiency mainly relies on the solubility capacity of solvent methanol for water soluble rhodium precursor HR(CO)(TPPTS) 3 , ligand TPPTS and substrate alkene. When the studied catalytic system was applied in the hydroformylation of other long chain alkenes, up to 3260 h À1 of TOF could be obtained with higher than 99.0% of selectivity to aldehydes (including the aldehydes forming methylacetals). The addition of a little base such as triethylamine could prevent the acetalation of the formed aldehydes with methanol. No signicant loss of catalytic efficiency and rhodium was observed for more than ve cycles during the catalyst recycling experiments. Further studies are in progress with the aim to explore the application of the studied system in other reactions.
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